• Self-produced H2 from electrodialytic treatment of environmental matrices collected • Collected H2 average purity (% mol/mol) of ≈ 98%
Introduction
Global energy demands from an increasing human population is a major concern for the planet sustainability. Extensive research and technology development have been focused on renewable energy sources and other strategies to reduce CO2 emissions [1] . Fuel cell technology, which can efficiently generate electricity using hydrogen as fuel, has attracted widespread attention in recent years [2] . The proton-exchange membrane fuel cells success depends on their ability to obtain optimal fuel to electricity conversion with a high current density, as well as the sustainable and economical production of the fuel [3] . Pure hydrogen gas is scarce in Earth's atmosphere.
However, it can be produced from different primary-energy sources. For instance, it can be generated from fossil fuels through steam reforming, partial oxidation or gasification and from renewable sources through biomass gasification and water electrolysis [4, 5] . Generation of H2 via water electrolysis is still limited by the high cost, namely ≈ 3.8 times more expensive than gasification, and ≈ 5 times more expensive than from methane steam reforming [6] . Hence, steam reforming, which combines high-temperature steam with natural gas, currently accounts for the majority of the H2 produced. Hydrogen production via water electrolysis is currently only applied in combination with renewable energy sources, like solar or wind, and used as an energy storage system.
Electro-based technologies, such as electrokinetic and electrodialytic processes, have been the focus of vast environmental remediation research over the last three decades [7, 8] , both in-situ [9, 10] , and ex-situ [11, 12, 13] ). Despite such research efforts, the technology readiness level (TRL) for many of those technologies remains very low; although most are considered promising, many are far from being introduced as efficient processes into the market. Important barriers need to be overcome to reach high TRLs [14] . Operational energy costs have to be considered and, are related not only to the electrolysis reactions but mainly with the stirring, the ohmic losses and the energy required for the transport of charge through the porous matrix. In fact, the distance between electrodes (cell size) plays a crucial role in the energy costs of the specific-energy required for the target contaminants removal [7, 15] . To the best of our knowledge, there has been minimal research conducted related to the reuse of the elemental gases produced in the electrolysis reactions during electrochemically-induced treatments. The drawbacks found in the current literature are associated to the reactors' design. Most electrokinetic and electrodialytic (ED) setups are designed to allow for the produced gases to flow freely into the atmosphere, while aiming to reduce pressure-related transport mechanisms. Thus, a gas collection strategy during the treatment is not included in the system, causing gas losses to the atmosphere. As a novel feature, the H2 produced during the treatment at the cathode compartment may be used as fuel in a protonexchange membrane fuel cells to produce electrical energy and reduce the energy costs of electroremediation. Additionally, as an energy carrier, H2 can be used to accumulate energy during the electric power demand valleys, and to generate electric power during the peaks. Therefore, a reservoir can be integrated into the ED system where it can recover and use the H2 produced for different purposes.
This work evidences the possibility of using the H2 produced during electrochemically-induced remediation of three different environmental matrices: (1) moderately-salted water -briny water,
(2) secondary effluent from a wastewater treatment plant, and (3) mine tailings. Our proof of concept demonstrates that the H2 captured and reused from these ED treatments is feasible.
Herein, a three-compartment ED set-up was used to minimize the interactions of the sample and the contaminants with the electrolysis reactions ( Figure 1 ).
Theory

Proton-exchange fuel cell
A fuel cell is an electrochemical device that converts the chemical energy from a fuel into electricity through the reaction of the fuel with oxygen or another oxidizing agent. For example, a proton-exchange membrane fuel cell (PEMFC) combines H2 and O2 to produce electricity and heat without emitting other products which are different from the water formed in the reaction eq.
(1) [16] :
A fuel cell, unlike a battery, produces electricity as long as fuel is supplied, never losing its charge.
The pollution-free production of energy and high power density makes the fuel cell technology a viable approach for future energy industries [2] . Fuel cells show high energy conversion efficiency, up to 60%, higher than traditional internal combustion engines [17] . This efficiency can increase up to 80% with heat-recovery systems [18] .
Electro-based technologies
Electrokinetic and ED strategies are commonly applied to remove organic [19] and/or inorganic contaminants from soils or other porous matrices, such as sewage sludge, fly ash or construction materials [20, 21, 22] . The electrochemically-induced transport is based on the application of a low level direct current which promotes electrolysis reactions at the electrodes [20, 23, 24] , involving in most cases water oxidation at the anode, eq. (2), and water reduction at the cathode, eq. (3):
Competing redox reactions may occur as, for example, the production of chlorine at the anode in systems with high chloride contents [25] , eq. (3): 4) or the deposition of metals (Me) at the cathode, eq. (3):
The electrochemical-induced transport of chemical species takes place by three main transport mechanisms: electromigration, electroosmosis, and electrophoresis. Diffusion and advection may also play an important role [20] .In the case of the ED process, electrodialysis also occurs, as ionexchange membranes are used to separate the matrix from the electrode compartments (aiming to control the pH conditions of the electrolytes and the treated matrix while improving the selectivity on the contaminant removal [20] ). Over the years, different electro-based remediation set-ups have been proposed, where the configuration of the sample and the electrode compartments have been modified depending on the nature of the contaminant and matrix [26, 27] .
Materials and Methods
Materials
The briny water solution was prepared with NaCl (PA grade, Merck, Germany) and tap water (Almada, Portugal). Effluent, the liquid fraction that results from wastewater treatments, was collected in the secondary clarifier at a wastewater treatment plant (Lisbon, Portugal). Mine tailings were collected at Panasqueira mine (Covilhã, Portugal, 40°10'11.0604"N, 7°45'23.8752"W). Panasqueira mine produces around 900 t WO3/year [28] and the pond where the residues are deposited is an open air impoundment that contains rejected ore concentrates with high metal levels [29] . The matrix used for this study is a rejected fraction from the sludge circuit, that is directly pumped to the Panasqueira dam.
Experimental set-up
The ED cell set-up was a 3 compartment acryl XT cell [30] (RIAS A/S, Roskilde, Denmark), as represented in Figure 1 Twelve ED experiments were carried out in duplicate according to the conditions presented in Table 1 . In experiments 1-6 the gas produced at the cathode, rich in H2, was collected in a 30 mL equipped with conductivity detector. To quantify the elements in the solid matrix, an acid extraction was carried out mixing 0.5 g of mine tailings, 3 mL of HCl (37%) and 9 mL of HNO3 (65%) and, placed on a shaking table for 48 hours at 125 rpm. For the IC analysis of the mine tailings (Cland SO4 2content), microwave assisted acid extraction was carried out according to EPA method 3051 A: 0.5 g of mine tailings were placed in a vessel with 3 mL of HCl (37%), and 9 mL of HNO3 (65%) and placed in a microwave Ethos (Milestone S.r.l, Bergamo, Italy 
Results and discussion
Matrix characterization
Matrices selection is an important step as the matrices' characteristics will affect H2 purity and further energy generation. PEMFC, despite the robustness and stability, may be sensitive to contaminants in the fuel [32] . The briny water was chosen as a working system blank, where NaCl was added to emulate the effluent without interferences. Briny water, with sufficient ionic conductivity to maintain the current applied for the remediation period chosen (1 and 2h), is typically used in systems for the electrolytic production of H2. The effluent and mine tailings are, individually, matrices with high potential to be reused as raw materials in several sectors. For example, ED treated effluent has recently been tested for cement based construction materials [33] . Mine tailings are an example of solid matrix that can be successfully treated via ED as stirred suspensions mixtures [34] . In these cases, H2 production and exploitation is highly attractive, since it can allow the decrease of energy costs in an industrial scale application. The ED process was applied to briny water, effluent and mine tailings suspension in briny water.
In all cases, the pH at the anode compartment decreased to ~ 2 and the pH at the cathode compartment increased until ~ 12. The pH at the central compartment also decreased in all cases.
This phenomenon was expected as anion exchange membranes are known to have limited permselectivity, which means that only protons (H + ) are able to cross this membrane. The acidification of the central compartment was more noticeable in the experiments at 100 mA ( Figure 2 ). The acidification phenomena proved to be influenced by the current intensity. The smallest variation in the potential applied in the ED cell will increase the H + production in the media. Thus, not only the current intensity should be considered to analyze the results, but also the error associated to the power supplier (± 3 mA).
Final concentrations of the major concerned elements in the liquid matrices (Cland SO4 2-) and
in the mine tailings suspension (As, Cu, Sn and W) are presented in Tables 3 and 4 , respectively.
In general, the target contaminants removal from the matrices was higher in the experiments operated at 100 mA, for the same amount of circulated charge. When ED treatment is performed at higher current intensities, the electromigration transport is predominant over diffusion or other transportation phenomena. The amount of salts amount is extremely heterogeneous in the effluent. Alternatively, the adsorption of sulfate ions on metallic W surface results in the electronic structure modification. The O2 reduction reaction is blocked during the ED process, which is already low in cationic dissolution in electrochemical processes [35] . Figure 3 shows the volume of collected gas produced at the cathode compartment during experiments 1-6. As the volume of the gas deposit was 30 mL, it was filled before the ED process ended. Experiments at 50 mA showed matrix related differences in the gas flow rate, reaching the 30 mL of H2 production at different rates. There are no statistically significant differences for the flow rates obtained at 100 mA (Table E at supplementary data). However, the flow rates of H2 are significantly different (p < 0.001) in the experiments at 50 mA.
Hydrogen generation and use
The gas generated at the cathode compartment, in the experimental setup 3, 4 and 6 during 6 h, was captured and analyzed via GC-TCD, in a tedlar sample bag. Table 5 presents the purity of the captured gas for these experiments carried out at 100 mA.
The average H2 purity (% w/w) of the produced gas was ≈ 73% (w/w), where the highest value observed was in the ED experiment applied to the effluent, that produced a gas with 90.4 ± 0.3% of H2. Thus, only the H2 purity in the effluent experiment has a statistically significant difference (p < 0.05) compared to briny water and mine tailings suspension, while briny water and mine tailings suspension does not have a statistically significant difference between each other ( Table   5 ). In order to validate and make a comparison with the purity results obtained in % w/w, another approach to determine the H2 purity was carried out. Thus, the calculation of the gas was also performed considering the molar fraction of the H2 in the air gases. Comparing the two methods, the % mol/mol of H2 of the produced gas was 19% higher, in average, comparing to the % w/w (Table 5 ). In the % mol/mol analysis, the purity of the H2 was higher than 97% in all samples, whereas in the % w/w the H2 purity oscillated between 72% and 90%. The mass and the molar compositions are different, and it is expected a higher molar purity, as long as the other components in the gaseous phase are heavier (e.g. N2, O2).
As mentioned before, the flow rate production for H2 in the ED treatments can be directly related to the current intensity and the matrix. Assuming the H2 captured at 1 atm and 25 ˚C, a total of ≈ 45.6 mL of pure dry H2 would be theoretically obtained, at a rate of 0.76 mL/min in the experiments at 100 mA. The volume of collected gas at the cathode, shown in Figure 3 (Table   B .2 at supplementary data), was clearly higher than the expected during the first few minutes of treatment, with a change in the production rate after the first 10 to 20 minutes. This may indicate that competing cathode reactions took place. For example, a possible electrode reaction that could have taken place is the formation of NO2 (g) from the reduction of the nitrates (E0 = 0.803 V), shown in eq. (6).
This reaction produces 1 mol of NO2 (g) per circulated electron, twice as much as the H2 reaction and would increase the pH of the cathode compartment twice as fast. However, the pH changes at the cathode and the decrease of nitrate concentration in time will promote that the water reduction electrolysis reaction become predominant after the first several minutes of the reaction.
NO2 (g) might be in a solution in the form of N2O4 below 21 °C.
Electrical energy requirements in the ED experiments
Among the ED experiments with H2 capture (experiments 1-6 in Table 1 ), the ED cell voltage decreased overtime. The rapid decrease of the cell voltage was more evident in the experiments at 100 mA (Figure 4 ).
According to the Ohm's law, if the current intensity (I) is constant, the voltage (V) and the resistivity (R, or conductivity) are strongly related, eq. (7): V = RI (V) (7) Where I is the current intensity, V the voltage and, R is the resistance. As the ED experiments are carried out at a constant current, the electrical energy required during the process, accounting only for the energy applied by the DC power source, can be calculated from eq. (8):
Using a numerical chained-trapezoidal integration, the estimated electrical energy is presented in Figure 6 . As expected, the electrical energy required increases as the electrical current increases, for the same amount of circulated charge. These results are consistent with the conductivity of those matrices. According to the results presented in the Figure 6 , the experiments carried out at 100 mA required ~ 8.7 ± 0.8 kJ of electrical energy, while the experiments carried out at 50 mA required an average of ~ 4.8 ± 0.7 kJ.
Energy Savings
Considering a faradaic efficiency of 100% and no competition to the water reduction as the cathode electrolysis reaction, ~ 1.86 mmol of H2 would be produced in experiments 1-6 at the end of the ED experiment, either at 50 mA in 2 h or at 100 mA in 1 h. Using a fuel cell at low temperatures and considering the higher heat of combustion of H2 as 141.8 MJ kg -1 , a total of 0.53 kJ may have been recovered from the process. The efficiency of the chemical energy conversion to electrical energy at the fuel cell depends on the quality of the H2 gas produced, where a maximum of 98% (mol/mol) hydrogen average purity was achieved during the ED treatments. Considering that current fuel cell has energy conversion efficiencies of around 60%, a total of 0.32 kJ could have been transformed into electrical energy. This translates to ~ 3.1% of the electrical energy required in experiment 4 (EF 100 mA, the worst case), and ~ 6.9% of the electrical energy required in experiment 5 (MTBW 50 mA, the best case). Reducing the electrical energy dependency, mainly due to stirring needs (for solid fine matrices), transport of charge through the porous matrix, and to feed a power supply for the electrode's reactions, may also have impact in the total variable costs of the overall ED process (~7%).
As expected, the higher the current intensity used in the ED treatment, the higher the electrical energy requirements for the same amount of circulated charge. In the experiments presented, those carried out at 50 mA during 2 h required almost half of the electrical energy to produce the electrolysis reactions than those carried out at 100 mA during 1 h. On the other hand, higher applied currents obtain better removal efficiencies, provided that there are no phase-transfer kinetic limitations, such as dissolution or desorption processes.
In general, one of the main advantages of the ED treatment applied to liquid matrices compared to ED treatments applied solid porous matrices is that the energy requirements for the electrolysis reactions are considerably smaller, due to the higher conductivity of the matrices. Thus, in solid porous matrices, the ED treatment would reach higher voltage gradients due to the lower conductivity and will require long-lasting treatments. The ED treatments presented show requirements of electrical power for the electrolysis in the range of 1 to 5 W. However, ED treatments carried out for the mine tailings suspension required additional energy for the stirring system at the sample central cell compartment. A 10 W stirrer system was used, meaning that the electrical energy required for the stirring system could be up to ten-fold compared to the energy required for the electrolysis reactions. For the purpose of energy optimization in ED treatments applied to suspensions, the reduction of stirring costs is critical. In this sense, PEMFC could be an important factor in ED energy savings by reducing the operation costs by powering a lowenergy stirring system.
To evaluate the possibility of reducing energy requirements from the ED treatments by the inoperando production of electricity from H2 gas formed at the cathode, a PEMFC was connected directly to the exhaust pipe of the cathode compartment in experiments 7-9, corresponding to the same matrices under ED treatment at 100 mA during 1 h.
The initial open circuit voltage of the PEMFC was, in all cases, near 1.4 V, and it decreased and stabilized at a value of ~ 1 V (Figure 7) , as expected for a single PEMFC [32] . To obtain higher voltages, a stack of FCs connected in series could be used. Comparing the voltage generated by PEMFC in the different cases, there are no statistically significant differences (p < 0.05) (see Table C at supplementary data). The data supported the statement that the production of electricity by a PEMFC is independent of environmental matrices used in the ED treatments presented, despite the fluctuation observed for the case of effluent.
The data presented in this study indicates that the gas produced at the cathode has a purity between 72.4% and 99.3%. Therefore, in a field scale ED treatment, the produced H2 could also be stored and sold for transportation or other industrial sectors. The production costs of H2 via electrolysis vary around 8-11 €/kg, which is higher than that obtained via steam methane reforming using natural gas or biogas [36, 37] . The H2 produced during ED treatments, that until now has been an unexploited byproduct, may be an alternative source of H2 for transportation or energy storage.
Conclusions
In this study it is proved the possibility to produce H2 with average purities between 73% and 98% from electrodialytic treatments and used to generate electrical energy with a protonexchange membrane fuel cell. This estimation was performed according to the H2 formed at the cathode electrolysis reaction, which can reduce the energy costs associated to the electrodialytic treatments, as well as any other remediation treatment based on electrochemically-induced transport.
The efficiency of chemical to electrical energy conversion at the fuel cell would depend on the quality of the H2 gas produced. Thus, specific studies on possible competitive cathode reactions are needed depending on the system. However, in the matrices tested in this study, H2 gas was produced in all cases. This suggests that H2 purity seems to be more affected by external factors (experimental errors, nitrate reduction to NO2 or temperature increase) than the matrices composition. Flowing the produced H2 gas through a single proton-exchange membrane fuel cell, resulted in a stable open circuit voltage (~1V), that demonstrated the potential to recover energy from the H2 byproduct, that otherwise would be released to the atmosphere and lost.
This research shows there are new possibilities for energy saving and H2 production for different purposes in electrodialytic treatment, leading to an increase in the sustainability and applicability of the electro-remediation, decontamination or degradation contaminants´ processes. 
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